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ABSTRACT 
In view of the recent mine disasters in the Australian coal mines, there has been a need to develop strategies to intro-
duce SCSRs into coal mines to replace the approved filter self rescuers. A study was undertaken to evaluate the per-
fonnances of the units in the nonnal Australian underground coal mine conditions. The study involved a laboratory and 
field trials at four underground coal mines using a total of 37 volunteers. These volunteers walked along the escape 
route at their respective mines on the first day carrying the SCSRs on their belts. The walk was repeated on a second 
day with the same subjects donning the SCSRs. The dynamic heart rates of each volunteer were monitored and statisti-
cally analysed. The results of the study showed that the oxygen "run out" time of SCSRs could be predicted using the 
body weight, average heart rate and exercise rating of the subjects. The speed of travel, intensity of work and the indi-
vidual habits (smoking, drinking, etc.) also influence oxygen consumption. 
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INTRODUCTION 
The filter self rescuers (FSRs) currently approved for un-
derground use in Australia do not produce any oxygen 
and cannot function in an oxygen deficient environment, 
and thus cannot be relied upon to save lives, particularly 
in situations where there has been a fire or explosion in a 
mine. The function of FSRs is to remove low concentra-
tions of carbon monoxide (up to 1.5%) from the inhaled 
air (Strang and Mackenzie-Wood, 1990). FSRs. SCSRs 
are breathing apparatus that provide oxygen to a wearer 
for a nominal period of time in order to escape from an 
irrespirable atmosphere to a respirable zone. In the light of 
the recent fatalities experienced in the Australian coal 
mining industry, such as the Moura No.2 disaster in which 
11 lives were lost underground, there was a general con-
sensus for the need to legislate SCSRs to replace FSRs. 
There are two types of SCSRs available commercially, 
compressed and chemically produced oxygen. The com-
pressed oxygen type supplies oxygen to the wearer on 
demand from a cylinder of high pressure oxygen, the car-
bon dioxide in the exhaled breath is removed by a soda 
lime or alkali canister. The chemically produced oxygen 
type uses a chemical, potassium superoxide (K02) that 
reacts with the moisture in the wearer's breath to produce 
oxygen and potassium hydroxide. The potassium hy-
droxide then chemically removes (scrubs) carbon dioxide. 
Both reactions are exothermic, causing the canister to 
become hot. Heat exchangers made of wire mesh are usu-
ally fitted in the breathing tube to reduce the inhalation 
temperature. A study was conducted to investigate the 
perfonnance characteristics of the SCSR system for pos-
sible future introduction to Australian calmness. This 
study was aimed, among others, to provide: 
• an appraisal of the SCSR and its operation under 
both the normal underground environmental condi-
tions, as well as their perfonnances under extreme 
conditions of heat and humidity, and 
• a methodology to predict how much oxygen is actu-
ally needed by an individual to escape from a mine 
and to enable mines to plan new escape strategies 
for persons underground. 
Portal-Pack™ Self-Contained Self Rescuer was selected 
for the project because it was the only unit of 60 minutes 
duration that had met the requirements of BS/EN40 1: 1993 
(based on the NSW Department of Mineral Resources 
Tests) and had been approved for use in NSW under-
ground coal mines. The Portal-Pack is a single-use, self-
contained closed-circuit breathing apparatus. 
The initial source of oxygen is from a cylinder con-
taining the chemical Sodium Chlorate (NaCl03), com-
monly known as the "chlorate candle". Its function is to 
provide an immediate source of oxygen to fill the system 
including the breathing bag. The chlorate candle produces 
roughly 10 liters of oxygen. The second source of oxygen 
is a canister containing potassium superoxide (K02). This 
chemical consists of coarse granules held in place by baf-
fles contained in the canister. The chemical reaction be-
tween moisture in the exhaled breath and the K02 liber-
ates the oxygen. The Portal-Pack contains about 600 gm 
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of K02, which produces approximately 140 litres of oxy-
gen. 
The harder the wearer works the more oxygen is gen-
erated and the more C02 is removed. The basic operation 
is depicted in Figure 1. 
The duration of a SCSR is the time taken for the oxy-
gen supply to run out and is indicated by the complete 
collapse of the breathing bag. The wearer is likely to ex-
perience increased breathing resistance. 
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Figure 1. Operation of SCSR .. 
As the chemical becomes exhausted, carbon dioxide 
(C02) builds up within the circuit and the wearer may 
develop a headache or light-headedness. 
OXYGEN CONSUMPTION AND ITS PHYSIO-
LOGICAL RELATIONSHIP WITH HEART RATE 
The rate of oxygen consumption is dependent upon the 
rate of energy expenditure by the individual, which is a 
function of work rate. Thus oxygen consumption ( vo2 ) 
is related to metabolic rate. During escape from an af-
fected mine an individual's muscular effort when walking 
or running results in the consumption of oxygen at a 
greater rate than when sitting quietly in a crib room. 
Oxygen is transferred to exercising muscles in a com-
plex integrated process involving the heart, lungs and red 
blood cells, which circulate in the blood stream and carry 
oxygen. These body systems are therefore the means 
whereby oxygen is delivered to the tissues. The efficiency 





The rate and depth of breathing (pulmonary ventila-
tion). 
Efficient transport of air in the lungs from the alve-
oli into the blood stream via the pulmonary capil-
laries resulting in the almost complete saturation of 
the oxygen carrying 97% of haemoglobin. 
Adequate blood being delivered to the tissues by the 
heart and blood vessels (cardiac output). 
The ability of the tissues to extract oxygen from the 
haemoglobin in the bloodstream. 
Under most conditions the amount of oxygen avail-
able to metabolically active tissues is constant. Breathing 
rate increases precisely to match the metabolic demand. 
As muscles are working harder during exercise, more 
oxygen is required and therefore consumed at a faster rate. 
In the case of a limited supply of oxygen or air, as occurs 
with SCSRs, the supply of oxygen will eventually be con-
sumed. 
Rate of oxygen consumption is determined by absolute 
work rate primarily, with only small variations attribut-
able to age and fitness. In order to do "x" amount of work, 
one needs to expend "y" amount of energy (energy = 
work) and th,erefore consume "z" amount of oxygen. In-
creased fitness will lower vo2 due to mechanical effi-
ciency at the type of exercise for which they are trained. 
Age has an opposite effect. The harder the individual ex-
ercises, or works, the more oxygen is utilized by muscle 
tissues. As a consequence the heart must respond by de-
livering blood at a faster rate to these tissues. 
The amount of oxygen consumed is proportional to the 
output of blood from the heart every minute (cardiac out-
put). According to Fick's Law; 
vo2 =Cardiac output X Arteriovenous oxygen 
difference 
=(stroke volume x Heart rate) x Arteriovenous 
where 
oxygen difference (I) 
V02 is the Oxygen consumption by the tissues, 
such as exercising muscle, and is expressed 
in litres/min (absolute oxygen consumption) 
or mllkg/min (relative oxygen consump-
tion). 
Cardiac output is the volume of blood being 
ejected from the heart per minute and is the 
product of the stroke volume and the heart 
rate. 
Stroke volume is the amount of blood being 
ejected from the heart every time it con-
tracts. 
Heart rate is the number of times the heart con-
tracts per minute. 
Arteriovenous oxygen difference is equivalent to 
the amount of oxygen extracted from the 
blood as it passes through the various tis-
sues. Oxygen content is higher in arterial 
blood than in venous blood. 
LABORATORY TREADMILL TESTS 
Standardized treadmill tests were conducted to determine 
the total volume of oxygen supplied by a SCSR and 
amount of oxygen actually consumed by six subjects. The 
experimental set-up is shown in Figure 2. Each subject 
breathed through a mouthpiece, which was connected to a 
SCSR in a closed circuit using flexible tubes. Both the 0 2 
and C02 concentrations in the inhaled and exhaled air 
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were monitored and recorded by the Sensormedics Respi-
ratory Gas Analysis System (SRGAS) at a sampling rate 
interval of one minute. 
Since both gases were sampled at one-minute intervals, 
the amount of 0 2 used and C02 generated by each subject 
are obtained by direct summations of unit time rates of 
V02 and VC02• In addition, the inhaled and the exhaled 
volumes of air (minute ventilation) were sampled and 
recorded at one-minute intervals. The six volunteers aged 
between 21 and 53, walked on a flat treadmill at 5 kmlhr 
wearing the SCSRs. Heart rates of each individual were 
monitored continuously throughout the tests using The 
Polar Vantage NV™ system. The Polar Vantage system 
was set to sample average heart rates over 15 second in-
tervals throughout the test. 
In a closed circuit the inhaled and exhaled air contains 
both 0 2 and C02• Oxygen consumption ( VOz) can be 
defmed by the relationship, 
VOz =(Volume of Inhaled Air) x (Percent of02 in 
Inhaled Air)- (Volume of Exhaled Air) x (Per-
cent of 0 2 in Exhaled Air (2) 
Similarly, the amount of carbon dioxide ( VC02 ) gener-
ated by the wearer has the relationship 
vco2 = (Volume of Exhaled Air) X (Percent of C02 
in Exhaled Air) - (Volume of Inhaled Air) x 
(Percent of C02 in Inhaled Air) (3) 
Results of treadmill tests are shown in and Figure 3. 
The volume of oxygen consumed by the individuals in the 
treadmill test ranged between 85 and 126 litres of oxygen. 
The average oxygen consumed or used from the SCSR 
was 99.3 litres, which was consistent with the manufac-
turers stated 100 litres of "useable oxygen" per SCSR. 
Three aerobically fit subjects consumed appreciably lower 
0 2 than the three less aerobically fit subjects. 
THE EFFECTS OF HEAT AND HUMIDITY ON THE 
DURATION OF SCSRs 
A treadmill exercise was conducted to determine the ef-
fects of environmental conditions on the duration of 
SCSRs. The objectives of the laboratory trials were to: 
1. Observe the relative effects upon heart rate when 
carrying a SCSR while breathing normal room air, 
wearing a SCSR at room temperature breathing ?~Y­
gen and wearing a SCSR in high heat and hum1d1ty 
breathing oxygen. 
2. Predict the duration of SCSRs using average heart 
rate measured during exercise on a treadmill and con-
firm the prediction on a subsequent day and 
3. Observe the effects of heat and humidity on the dura-
tion of the oxygen supply from a SCSR. 
Each of the six subjects experienced in the use of SCS 
walked on a treadmill wearing full underground apparel 
on three separate occasions 24 hours apart. The treadmill 
speed was held constant at four kilometres per hour. The 
treadmill tests were conducted in a hot and humid cham-
ber maintained at 22°C on Days 1 and 2 with relative hu-
midity of 50-75%. The subjects were tested in the same 
order on each Day. The temperature and humidity was 
selected as representative of underground conditions to be 
encountered in "second means of egress" in many mines. 
On Day 3 the temperature and humidity were increased to 
32°C and 100%, respectively. These environmental con-
ditions were chosen as representative of those in an area 
adjacent to an underground fire. 
Criteria for stopping the tests were heart rate in excess 
of 85% of predicted maximum (particularly on Day 3), 
signs or symptoms of heat related stress, oxygen supply 
was exhausted on Days 2 and 3 or at the discretion of the 
volunteers. 
The heart rate on Day 1 was used to predict SCSR du-
ration on Day 2. Predicted oxygen duration was calculated 
using the UOW model. Table 1 shows the differences in 
average heart rate for each volunteer on each of the three 
Days, HR1, HR2 and HR3 respectively. On Day 1 (HR1) 
the SCSR was carried on the individual's belt. On Day 2 
(HR2) the SCSR was worn until oxygen was exhausted. 
On Day 3 (HR3) the SCSR was worn until the test was 
stopped, as discussed below. The observed and predicted 
oxygen "run out" times for Day 2 are also given in Table 
1. The predicted oxygen "run out" times were based upon 
the average heart rate on Day 1, using the UOW model. 
In the interests of safety each subject was stopped at 
85% of the predicted maximum heart rate on Day 3 before 
oxygen "run out" time was reached. As the duration of 
exercise was shortened the average heart rate on Day 3 
was artificially low. Therefore an estimate was made of 
the heart rate when the oxygen supply is likely to have 
been exhausted. The estimated average heart rate on Day 
3 was calculated from the heart rate when the subject 
commenced breathing oxygen and the predicted maxi-
mum heart rate. 
Average Heart Rate = 
Predicted Maximum Heart Rate + Initial Heart Rate 
2 
(3) 
Dynamic heart rate records of a subject can be seen in 
Figure 4. The conditions on Day 3 were extreme 32° C 
and 100% humidity. None of the subjects were exercised 
until the SCSR 0 2 supply was exhausted on Day 3. The 
breathing bag was well inflated for alJ individuals when 
the exercise was terminated. If it is assumed that the rela-
tionship between heart rate and oxygen consumption re-
mains valid in hot and humid conditions, then SCSR du-
ration could be reduced as the heart rate increased with 
time (Table 1 ). This is unlikely to be true, as skin capil-
laries open up and skin blood flow is increased. Far less 
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Figure 3. Oxygen production and "Useable" Oxygen in SCSRs 
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Table 1. Summary of heat and humidity trials. 
* Note the subject Nl withdrew from the test on Day 2 prior to running out of oxygen and was not tested on Day 3. 
oxygen is extracted from the blood circulating through the 
skin as would be extracted from a comparable volume of 
blood being supplied to exercising muscles. Therefore 
there is likely to be a negligible effect upon SCSR oxygen 
"run out" time. 
SIMULATED FIELD TRIALS 
Underground simulated escape trials were conducted at 
each of South Bulli, Elouera and Myuna Collieries located 
at New South Wales (NSW) and Crinum Colliery at 
Queensland (Qld). The mine escape routes were selected 
based on the following requirements: 
• A distance which would require the volunteers to 
walk for a minimum of one hour. 
• An established escape-way to simulate typical un-
derground escape route conditions. 
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Figure 4. Heart rate versus duration of a subject. 
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The profiles of the 37 subjects were: 
• 81% of all the subjects were between 30 and 49 years 
old. The minimum and maximum ages of the subjects 
were 27 and 57 years old with an overall average age 
of 40.7 years. The age distribution of the selected vol-
unteers reflected the profiles of the current work-
force employed in NSW and Qld. 
• 87% of the subjects weighed between 70 and 99 kg. 
The minimum and maximum weight of all the sub-
jects was 66 and 130 kg with an average of 85.5 kg. 
The weight distribution of the selected volunteers 
represented the profiles of the current workforce em-
ployed in NSW and Qld. 
During the simulated escape trials, the 3 7 volunteers 
carrying SCSRs on their belts walked through the escape 
route at their respective mines on Day 1 and repeated the 
same walk on Day 2 donning the SCSRs. The route in 
each mine was identified by the mine management as an 
established escapeway with uneven ground, roadway wa-
ter, overcasts to climb over, low roof conditions, inclines, 
etc. The walking pace on each day was kept at a constant 
rate of about 2 km/hr. Heart rates of the volunteers during 
the trials were recorded using Polar Vantage NV™ heart 
monitors. 
At the end of Day 2 trial the physical condition of each 
wearer was examined and a decision was made whether to 
terminate breathing from the unit. Normally, the end of 
the trial could be defined for each individual as the point 
of complete collapse of the breathing bag, often accompa-
nied by an increase in breathing resistance. Headache and 
light-headedness often occurred when the inhaled con-
centration of C02 exceeded 2-3% (Mackenzie - Wood, et 
a/., 1996). The duration of the SCSR was taken from the 
time the individual started to breathe oxygen via the 
SCSR ending with the complete collapse of the breathing 
bag. Figure 5 shows typical heart beat profiles of a sub-
ject. 
Distribution of the oxygen "run out" times for the 3 7 
subjects are shown in Figure 6. The duration of the SCSR 
equaled or exceeded the 60 minute nominal duration time 
of the SCSR in 60% of the subjects. 11% of the SCSRs 
lasted for more than 70 minutes and 8% less than 50 min-
utes. One individual ran out of oxygen in 45 minutes. 
PREDICTING OXYGEN CONSUMPTION 
Various studies in USA (Bernard, Kamon and Stein, 
1979; Berry, eta/., 1983; Buskirk, Nicholas and Hodgson, 
1975) have linked the oxygen consumption ( vo2) to 
average heart rate (HR) and the body weight (W) as per 
the following equations. 
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Figure 5. Heart rate versus duration of a subject in field trial. 
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Figure 6. Oxygen "Run Out" time distribution of the 3 7 subjects. 
vo2 HR-66 PSU Model 36 (4) 
Foster Model VOz = 0.024HR- 1.54 (5) 
NIOSH Model vo2 W(HR- 61.25) (6) 3230 
Using the above equations, Day 1 average heart rates 
and the body weights of the 28 subjects, from the South 
Bulli, Elouera and Myuna trials, the average oxygen 
consumption rate and hence oxygen "run out" time for 
each subject was estimated. The results predicted by the 
three models as well as the observed are presented in 
Figure 7. The three models generally underestimated 
the average VOz and hence overestimated the oxygen 
"run out" time for average heart rates under 120 bpm 
(fitter individuals). For heart rates above 120 bpm the 
predictions were inconsistent. There is a strong possi-
bility that the above models were developed under con-
ditions which were different from the Australian simu-
lated field trials in this study. 
Based on the mine simulated escape trials from the 
first three mines, the following equation was developed. 
7.5W +HR 
vo2 = + o.o43 500 (7) 
A comparison of prediction of V02 on the fourth 
mines' (Crinum) trials using the previous three models 
and Equation (7) is depicted in Figure 8, indicating that 
the Equation 7 gives the best predictive values. All the 
four mines data were finally used to produce the fol-
lowing model, referred to as the "UOW model". 
6.0W + 1.5HR 
vo2 = 500 + o.332 cs) 
The above predictive UOW model relates oxygen con-
sumption ( V02) with average heart rate (HR) and body 
weight (W) and is based upon a representative group of 
Australian male underground coal miners. This model 
appears to be of better predictive value than the previ-
ous models, therefore a better estimate of oxygen con-
sumption and hence predicted oxygen "run out" time. 
Studies conducted by the USA Bureau of Mines in-
dicated that wearing a SCSR increased average heart 
rate by 15%. This was confirmed in 60% of the subjects 
in the fie ld trials . The additional 2.5 kg load carried 
(SCSR) and other physiological stresses associated with 
wearing respirators are likely to increase cardiovascular 
strain. Therefore increased heart rate would be ex-
pected. Perhaps for the 40o/o who had lower average 
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Figure 7. Predicted versus observed V02. 
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Figure 8. Comparison of four predictive models. 
the SCSR and the escape-way. This may be interpreted 
as either reduced anxiety (fear of the unknown) and/or 
efficiencies in conservation of energy on Day 2. 
CONCLUDING REMARKS 
The SCSRs represent an alternative and effective means 
of life saving in underground coal mines in emergency 
situations. 
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Fitter individuals consumed less oxygen from the 
SCSR than less fit persons, but looses more 0 2 to the 
atmosphere via the pressure relief valve. Also, the a-
mount of oxygen consumed is dependent on the indi-
viduals fitness, weight and age. When donning, the 
study showed, older and less fit people lasted longer 
than younger and fitter persons. 
Using results from field simulated escape trials, a 
linear model has been developed to predict oxygen "run 
out" times of SCSR. The UOW model accurately pre-
dicts the duration of oxygen supply available to the 
wearer as none of the reported prediction models can 
accurately estimate. The UOW model relates oxygen 
consumption with body weight, and average heart rate 
and is based on the study conducted on a representative 
group of Australian Male underground miners 
This study will not have been possible without the 
fmancial support from Australia Coal Association Re-
search Program (ACARP) 
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